Nitrogen is often used as an inert background atmosphere in solid state studies of electrode and reaction kinetics, of solid state studies of transport phenomena, and in applications e.g. solid oxide fuel cells (SOFC), sensors and membranes. Thus, chemical and electrochemical reactions of oxides related to or with dinitrogen are not supposed and in general not considered. We demonstrate by a steady state electrochemical polarisation experiments complemented with in situ photoelectron spectroscopy (XPS) that at a temperature of 450 1C dinitrogen can be electrochemically activated at the three phase boundary between N 2 , a metal microelectrode and one of the most widely used solid oxide electrolytes-yttria stabilized zirconia (YSZ)-at potentials more negative than E = À1.25 V. The process is neither related to a reduction of the electrolyte nor to an adsorption process or a purely chemical reaction but is electrochemical in nature. Only at potentials more negative than E = À2 V did new components of Zr 3d and Y 3d signals with a lower formal charge appear, thus indicating electrochemical reduction of the electrolyte matrix. Theoretical model calculations suggest the presence of anionic intermediates with delocalized electrons at the electrode/electrolyte reaction interface. The ex situ SIMS analysis confirmed that nitrogen is incorporated and migrates into the electrolyte beneath the electrode.
Introduction
Molecular nitrogenz is usually considered as an inert gas towards solid oxide materials at temperatures below 800 1C and in particular in solid state electrochemical studies of SOFC materials. On the other hand nitrogen doped oxides such as TiO 2 : N, YSZ : N, etc. or oxinitrides such as TaON have become of significant interest as materials in photovoltaics, [1] [2] [3] as non-toxic pigments, 4 ,5 for semiconductor applications 6 and possible alternative materials for oxide and/or nitrogen ion conducting solid electrolytes. [7] [8] [9] Numerous experimental studies and theoretical calculations have been published in recent years, reporting on the structure and transport properties of nitrogen doped oxides. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Nitrogen doping (assuming a trivalent negative oxidation state for the nitrogen ions) introduces into the oxide sublattice an additional relative negative charge. This negative charge can be compensated either by electronic or ionic defects (electron holes or oxygen vacancies). Both possibilities attract interest: the compensation of the negative charge of N 0 O defects by electron holes is suggested as a way to prepare p-type oxides (e.g. p-ZnO). The ionic compensation by oxygen vacancies is studied as a way to design new solid electrolytes. Lerch et al. have reported that substitution of oxide by nitride ions in ZrO 2 or (Zr,Me)O 2 stabilizes the cubic fluorite structure and increases the number of vacancies in initially tetragonal zirconia containing up to 5 mol% Y 2 O 3 as cation dopant. An upper limit for solubility of 2.4 wt.% nitrogen in zirconia has been determined. 15 The equilibrium describing the reversible nitrogen incorporation assuming oxygen vacancies as charge compensating defects (in Kro¨ger-Vink notation) is given by:
Here, N 0 O represents a nitride ion on the oxide sublattice. As the absolute charge number of the nitrogen ions is supposed to be À3, the relative charge number denoted by the superscript is À1.
Comparing the standard free enthalpy of formation of ZrN and ZrO 2 compounds, one finds a much smaller value (less negative) for the nitride, mainly caused by the large binding energy of the nitrogen molecule. Zirconium nitride and oxinitride are metastable phases at room temperature. At higher temperatures and in presence of oxygen the reaction: ZrN + O 2 ! ZrO 2 + 1/2N 2 (2) has a negative free enthalpy (D r G1 = À585 kJ mol À1 at 1000 K) and the nitrogen concentration in YSZ is negligibly small in thermodynamic equilibrium under atmospheric conditions. In order to shift the equilibrium in eqn (1) to the right, either a significant decrease of the oxygen activity is required or nonequilibrium techniques have to be applied. Different approaches have been applied to incorporate nitrogen into oxide materials: (i) a thermochemical approach (in the temperature range 1473 o T/K o 2673), 18 (ii) pulsed laser deposition (PLD), 19 and (iii) an electrochemical approach. 20, 21 The difference between these three methods can be illustrated by decomposing eqn (1) into two reactions: In approach (i) the electrons required for reaction (4) to proceed are generated by reaction (3) proceeding towards the left (i.e. low oxygen activities). However, to use eqn (1) as a basis for stoichiometric anion exchange without introducing additional electrons is difficult. At a given pressure p N 2 only one specific p O 2 will keep the electron concentration constant. In approach (ii) electrons are supplied mainly from the plasma (non-equilibrium system) but depending on the deposition conditions also by the loss of oxygen according to reaction (3) .
In case (iii) the electrons for reaction (4) are directly supplied by the electrode (as is applied in the present paper).
The electrochemical reduction and incorporation of nitrogen into YSZ has the advantage that the activity of oxygen at the electrode/electrolyte interface can be easily controlled by the applied voltage. Even small applied voltages result in a large decrease in the oxygen activity thus shifting the nitrogen equilibrium. An additional advantage is that nitrogen ions can be incorporated locally into the solid electrolyte with a lateral resolution determined by the size of the electrode and the time of reduction.
With 9 eV dissociation energy the nitrogen molecule is extremely difficult to activate i.e. to reduce or oxidise. The first accessible information on an incorporation of nitrogen ions during electrode polarisation into zirconia originates from 1970, where inclusions of Zr(O y N 1Ày ) were detected after polarisation in a strongly reducing atmosphere, under high cathodic currents and temperatures of 1673 K. 22 The oxinitride formation was interpreted as a result of a chemical reaction between the partially reduced zirconia and nitrogen.
We already reported on the incorporation of nitrogen ions into YSZ forming oxinitrides and suggested a reduction mechanism involving at least two intermediate states with a rate determining step the reaction: 20 Molecular nitrogen anions of the type N 2 zÀ (z = 1-4) have been reported and/or calculated to be stable in solids, 11, [23] [24] [25] but no direct evidence or study exists that such species are stable at the surface and are involved in the electrochemical reaction at the electrode/electrolyte three phase boundary.
In this paper we report on physico-chemical studies of electrode reactions at the three phase boundary between an iridium micro-electrode and single crystalline yttria stabilized zirconia in ambient nitrogen. In order to support the suggested mechanism of the dinitrogen reduction, we performed simultaneously with the steady state current-voltage measurements an in situ XPS (m-ESCA) and ex situ SIMS analysis in order to identify the reaction products and intermediates and also the depth and lateral distribution of the chemical components. The competing electrode reactions of nitrogen and electrolyte reduction were monitored by the chemical shifts of the N 1s, O 1s, Zr 3d and Y 3d XPS signals.
Theoretical calculations of the shifts of the N 1s binding energy have been performed in order to support the identification of the different nitrogen species we detected. The alteration of the XPS spectra for the other ions i.e. Zr 4+ , Y 3+ and O 2À as a result of the electrochemical polarization is demonstrated. The lateral and depth distribution of incorporated nitrogen ions was additionally studied by time-of-flight secondary ion mass spectrometry (ToF-SIMS).
The current results constitute the first steps towards a better understanding of the electrochemical reactivity of nitrogen in solid state ionics. Besides the relevance for various applications, the heterogeneous electrochemical kinetics of molecular nitrogen is of fundamental interest for the field of reactivity of solids.
Experimental

Electrochemical cell
We used single crystals of 9.5 mol% yttria stabilised zirconia (9.5YSZ) with (111) orientation as the solid electrolyte. The crystals had a size of 1 Â 1 cm and thickness of 1 mm with one side being polished (grade 0.02 mm purchased from CrysTec GmbH). On the unpolished complete back side of the crystal a counter electrode was fixed by drying platinum paste at 523 K for two hours. The working electrode was a tip made of 1 mm thick iridium wire sharpened by polishing to reach a diameter of approximately 100 mm and pressed by a stainless steel spring to the polished side of the single crystal. As the geometrical surface area of the iridium tip was much smaller than the surface area of the counter electrode, the polarization of the counter electrode was negligible and we used it therefore as a reference electrode. For some experiments the crystal was reduced prior to measurements by applying a negative voltage of E = À2.5 V to the micro-electrode in UHV conditions.
The samples were mounted in a sample holder with a heating filament (ceramic insulation at the bottom) and electrically connected with the potentiostat. A scheme of the cell arrangement is given in Fig. 1 .
Before the XPS measurements, the samples were heated up to 1073 K in vacuum to remove contaminants. The surfaces of the crystals were analysed by Auger spectroscopy View Article Online (Perkin Elmer at 2 kV (Al Ka) of primary energy). If contaminants (e.g. carbon or carbon hydrates) were detected we sputtered the samples with Ar + ions to remove them.
Electrochemical experiments
Cathodic and anodic steady state polarization experiments were performed with micro-electrodes and the steady state current-voltage characteristics were recorded. Simultaneously we collected XPS spectra and SPEM images of the region around the micro-electrode. For each point of the current-voltage characteristics we obtained a complete set of XPS information (N 1s, O 1s, Y 3d and Zr 3d). As a voltage source a potentiostat/galvanostat (Jaissle IMP 83TC, Jaissle Elektronik GmbH, Weiblingen, Germany) was used; the applied voltage was varied in the range E = 3 V down to E = À3 V.
The temperature was kept at T = 723 K measured at the upper side of the heating filament and was kept constant during the experiments (max. deviation of AE2 K at the sample surface). The nitrogen partial pressure in the XPS-chamber was kept at p = 10 À5 Pa, unless otherwise stated.
In situ XPS and SPEM
All electrochemical, in situ XPS and SPEM measurements were performed at the synchrotron ELETTRA in Trieste, Italy. The photon energy of the incoming X-ray beam is 640.0 eV and the overall energy resolution of the analyzer was better than 0.5 eV, sufficient to monitor energy shifts of 0.1 eV. The XPS spectra were acquired with a PHOIBOS 100 from SPECS equipped with a 48-channels electron detector. The X-ray beam allows a spatial resolution of below 100 nm. The shift of the XPS spectra due to a polarization of the samples was accounted by monitoring the Ir 4f peak on iridium particles (Au 4f on deposited gold spots) at the electrolyte surface without mechanical contact to the microelectrode.
The data from the recorded XPS spectra were analyzed and evaluated with the FitXPS2 peak-fitting software, 26 which fits Doniach-Sunjic peak profiles 27 convoluted by Gaussians.
Theoretical calculations
The N 1s photo-ionization energies of molecular nitrogen and possible anionic surface species during the electrochemical reduction were calculated with two quantum-chemical methods. The basic assumption of our model calculations is that N 2 molecules and ions only weakly interact with the surface, so that the core levels are not significantly perturbed with respect to the gas phase. In a previous theoretical study 28 it was shown that dinitrogen is indeed physisorbed at zirconia surfaces, provided that they contain oxygen defects V O under reducing conditions. Therefore, the assumption for a weak interaction is well justified for the domain of electrolytic stability of YSZ where the oxygen vacancy concentration is not dependent on the oxygen activity in the gas phase.
As a simple approximation orbital energies obtained with a density-functional/Hartree-Fock hybrid method PW1PW were considered. 29 Although it has been shown 30 that the absolute values of such one-electron levels deviate from measured ionization potentials, they provide the correct trend within certain classes of compounds. 31 The second and more reliable method is configuration interaction with single excitations and corrections from double excitations (CIS(D)). 32 The calculations were performed with the quantum-chemical program package Gaussian03. 33 Initially a 6-311++G(2d,2p) basis set was used as in a previous N 2 XPS study. 34 Photo-ionization was approximated by excitation of the core electrons into unbound Rydberg states. For this purpose a diffuse s function with orbital exponent 0.0001 was added to the basis. As dinitrogen anions are unstable with respect to the neutral species (relative energies 2.3 and 10.8 eV for N instead of a localized orbital. The localized states had to be stabilized by level shifting techniques.
Ex situ SIMS analysis
After the in situ XPS and electrochemical experiments the samples were analyzed ex situ by time-of-flight secondary ion mass spectrometry (ToF-SIMS IV, ION-TOF, Mu¨nster, Germany), in the following abbreviated simply as SIMS, with the following typical parameters: a beam of 25 keV Ga + , rastered over 100 mm Â 100 mm, was used to generate secondary ions for analysis (I Ga = 1 pA). Sputter etching of the surface was carried out with a beam of 2 keV Cs + rastered over 300 mm Â 300 mm (I Cs = 150 nA). Charge compensation was achieved by flooding the surface with electrons (I e 4 1 mA) of energy less than 20 eV. We quantified the nitrogen concentrations in the crystals by comparing the intensity ratios I ( 
Results
Electrochemical studies
A typical steady state potentiostatic current-voltage curve during cathodic and anodic polarization in nitrogen atmosphere is shown in Fig. 2 . Down to E = À1 V (Fig. 2a ) the current is negligibly small and virtually constant. At higher cathodic potentials two regions can be defined-region 1 (from E = À1 V to E = À2 V) and region 2 (from E = À2 V to E = À3 V), where the current increase is more pronounced in the second region. A diffusion limiting current I d = 0.25 mA for the region 1 was determined using the inflection point of the current-voltage curve in the potential range À1.7 V to À2.25 V. The curve has been further deconvoluted by a simple substraction into two partial curves (included in Fig. 2a ) each representing an individual electrochemical process. At lower overvoltages (from À1000 mV up to À1700 mV) a Tafel slope (extracted from Z vs. logi plot) of b 1 = 0.26 V and at overvoltages more negative than À2000 mV a slope of zb 2 = 0.65 V were calculated.
After the samples have been polarized cathodically in nitrogen (for a time of 24 h at potentials down to E = À2.5 V) we performed anodic experiments in the same atmosphere. The current-voltage characteristics of the anodic process, i.e. the oxidation of nitrogen ions and/or oxide ions is presented in Fig. 2b .
The current increases strongly with the applied voltage up to E = 0.65 V and then decreases at higher voltages. This passivation-like behaviour of the electrode is reversible and restarting the experiment from 0 V the curve can be reproduced without change in the electrochemical characteristics.
3.2
In situ XPS measurements and theoretical calculations 3.2.1 The N 1s signal. During the steady state polarization measurements (as represented in Fig. 2 ) complete XPS spectra have been recorded at each point of the current-voltage curve. No nitrogen signal was detected at voltages down to À1.5 V. When À1.5 V was exceeded a broad peak at binding energies between 397 eV and 398 eV appeared.
The intensity of the signal increases with time (t 1 -t 4 ), and the peak (at t 4 ) is broad and indicates more than one component (Fig. 3) . In order to achieve the highest time resolution only single scans (one scan takes a time of approximately 60 s with time intervals between the scans of approx. 75 s) were performed. Due to the poor statistics and high noise/signal ratio no fit was performed, but the splitting of the nitrogen signal was confirmed by later experiments at even more negative voltages and better statistics where this effect was more pronounced. The appearance of the N 1s peak is reversible and after switching the voltage off the peak disappears completely within approx. 5 min (t 5 -t 8 ).
Applying a more negative potential to the micro-electrode the intensity of the nitrogen peak increases and the peak becomes broader. These changes were reversible for short polarization times (up to few minutes) until a voltage of À2.5 V was achieved. At lower (more negative) voltages the nitrogen peak remains constant in position and intensity after switching the voltage off. Fig. 4 presents the N 1s signal during electrochemical polarization with voltages down to E = À3 V. The peak View Article Online deconvolution revealed three components at binding energies of BE 1 = 397.2 eV, BE 2 = 397.7 eV and BE 3 = 398.6 eV, respectively. The fit parameters obtained by the deconvolution procedure are given in Table 1 .
The relative areas of the three components of the N 1s peak were calculated from the fit data and are shown in Table 2 . The component at BE 1 decreases with decreasing voltage from 0.65 (at E = À1.7 V) down to 0.25 at E = À3 V. The relative component area for BE 2 remains almost constant for voltages up to À2.5 V and then increases with a maximum value of 0.46 at E = À2.5 V. The relative area of BE 3 is comparatively low-in average 0.14 but sharply increases for E = À3 V. The total area of the nitrogen peak (i.e. the sum of the three components) increases with the decreasing voltage.
In addition we recorded the N 1s spectra (shown in Fig. 5 ) as a function of the distance to the electrode, i.e. the nitrogen distribution in the vicinity of the iridium tip. Close to the micro-electrode the N 1s signal is broad and of high intensity and it contains all three components shown in the fit in Fig. 4 . Increasing the distance from the electrode the intensity of the peak decreases and the components at BE 1 and BE 2 become dominant. The N 1s signal decreases completely to zero at a distance of approximately 1.5 mm from the tip.
Theoretical calculation of N 1s peak position.
The calculated values for the N 1s binding energy are shown in Table 3 . In the first two columns it is assumed that the electrons provided by the electrochemical polarization remain localized at the molecule. The values in the third and the fourth column account for delocalization and distribution of the electron density around the molecule, e.g. at the YSZ electrode surface. Three components can be distinguished with binding energies of BE 1 = 531.0 eV, BE 2 = 531.4 eV and BE 3 = 532.6 eV respectively. The fit parameters are given in Table 4 .
Before the polarization experiments (i.e. E = 0 V) the main contribution to the O 1s signal intensity is BE 2 at a binding energy of 531.4 eV. Upon polarization the intensities of all signals changed (see Table 5 ) where the contribution of the component BE 1 is dominant at potentials E Z À2.5 V.
The total peak area increases for E = À1.0 V and then decreases for E = À2.0 V and E = À2.5 V and increases again at E = À3.0. The oxygen peak recorded as a function of the distance to the micro-electrode is presented in Fig. 7 .
Close to the iridium tip the main component of the O 1s peak is at BE 1 . With increasing distance the contribution of BE 1 becomes smaller and the main contribution to the total peak intensity is the signal at BE 2 . The total peak area decreases slightly from the point at the micro electrode to the distance of 900 mm and again slowly increases to remain constant at distances larger than 1.3 mm.
3.2.4
The Zr 3d signal. The Zr 3d signal appears as a doublet as a result of spin orbit splitting. The two components 3d 5/2 and 3d 3/2 in Fig. 8 for the unpolarized material and material under an applied voltage of E = À1.7 V are found at binding energies of 183.3 eV and 185.7 eV, respectively, which is in agreement with our previous studies. 19 The signal remains unchanged in position and intensity upon polarization down to E = À2.0 V. At and below E = À2.0 V four doublets can be separated, each of them representing Zr ions in a different chemical environment. The XPS spectra of Zr 3d doublet at three potentials up to À3.0 V are presented in Fig. 9 . The Zr 3d 5/2 peaks were ordered according to their binding energies as follows: BE 1 = 179.4 eV; BE 2 = 180.5 eV; BE 3 = 181.4 eV and BE 4 = 183.3 eV. The lower is the binding energy the lower (less positive) is the formal oxidation state of the zirconium ion. The fitting parameters for all peaks are given in Table 6 . The displacement D between the 3d 5/2 and 3d 3/2 components is 2.4 eV and was constant for all experimental conditions. The peak intensity ratio I 5/2 /I 3/2 was 1.5 for all peaks.
The calculated relative areas of the peaks are presented in Table 7 . Up to E = À2.0 V the only component present was BE 4 at binding energy 183.3 eV corresponding to the highest oxidation state Zr 4+ of the zirconium ion. The relative component areas of the reduced species (the other three signals) increase by increasing the applied potential and the relative area of the oxide component (Zr 4+ ion) decreases. As shown in Fig. 10 , moving away from the electrodeelectrolyte interface the Zr 3d peak changes its shape. Close to the tip the components at BE 1 , BE 2 and BE 3 dominated. At distances larger than approximately 1100 mm the main component becomes BE 4 . The total area of the Zr 3d peak decreases almost linearly by 18% within the total distance of 1500 mm.
3.2.5
The Y 3d signal. The Y 3d peak also appears as a doublet with two components Y 3d 5/2 and Y 3d 3/2. Without applied voltage only one doublet is registered at a binding energy BE 1 = 158.3 eV. Upon polarization a second peak Y 3d appears at a binding energy BE 2 = 156.8 eV. The XPS spectra during the polarization at different applied voltages are presented in Fig. 11 .
The component at the lower binding energy is of low intensity at voltages of À2 V and À2.5 V and is present with significant intensity only at applied voltage of À3 V. The fit parameters for both peaks are given in Table 8 .
The distance between the 3d 5/2 and 3d 3/2 components was D = 2.1 eV and the ratio I 5/2 /I 3/2 was 1.5 for the both peaks. The relative peak areas are given in Table 9 .
The relative component area of the peak at BE 1 decreases by 64% with the decreasing voltage and A BE 2 increases. The total peak area changes with the applied voltage with a maximum area calculated at E = À3 V.
In Fig. 12 the Y 3d signal is presented as a function of the distance to the micro-electrode.
Moving away from the electrode the shape of the spectrum changes. The reduced component dominates close to the electrode and the oxidized component away from the electrode. The reduced component disappears fully at a distance more than 1500 mm from the iridium tip. 3.2.6 Nonmetal/Metal, Y/Zr and N/O ratio. The nonmetal/metal ratio was calculated according to a standard procedure using the component peak area and the sensitivity factor (see Table 10 ). At the three phase boundary we found for the initial conditions (E = 0 V) 2.3. Applying a negative voltage this ratio remains 2.0 down to E = À2 V then View Article Online decreases to 1.5 at E = À2.5 V and increases again to 1.7 at a potential value of À3 V. The Y/Zr ratio decreases slightly by decreasing the voltage from 0.16 to 0.12 and increases to 0.16 at À3 V. The N/O ratio starts from 0 to reach 0.43 at E = À3 V corresponding to 18 at.% nitrogen.
Ex situ SIMS analysis
The ex situ SIMS analysis was performed after the nitrogen incorporation experiments; the results are shown in Fig. 13 .
Nitrogen was found (laterally in the XY image) at the contact interface and around the micro-electrode. The images of YZ and XZ ''cross sections'' show the depth distribution of N, mainly incorporated beneath the electrode.
Discussion
In the following discussion we will concentrate on three important issues: (i) the incorporation of nitrogen ions into YSZ as a result of an electric potential driven process and not of a chemical reaction; (ii) the mechanism of the reduction and the character of the nitrogen species involved; and (iii) the concurrent process of reduction of the YSZ single crystal which is supposed to occur at voltages lower than E o À2 V.
Electrochemical reduction of dinitrogen
4.1.1 XPS studies during cathodic polarisation-the N 1s peak. In previous steady state polarization experiments in 10 5 Pa nitrogen atmosphere we showed that the electrochemical reduction of molecular nitrogen on YSZ electrolyte is a multistep charge transfer process involving more intermediate states. 21 We proposed that at gold microelectrodes and a temperature of 973 K the reduction mechanism proceeds via three stages with a rate determining step N À 2 + e À = N 2À 2 and that in fact the charge transfer and not the ion diffusion controls the overall process of nitrogen incorporation. In our actual cell arrangement due to the specifics of the experimental setup we used iridium as material for the working electrode because of its mechanical stability and hardness, ensuring a constant contact force of the microelectrode on YSZ in the whole temperature range. Iridium has a different work function than gold and possibly a different catalytic activity towards nitrogen, and the reduction mechanism may be completely different taking into account that the working temperature is much lower i.e. 723 K instead of 973 K. However, for some general reasons i.e. high dissociation enthalpy of N 2 molecule and the total number of electrons (six) required for the complete reduction, we do not expect a simple Nernstian single step process.
The cathodic current-voltage curve shown in Fig. 2a is composed from the contributions of two processes. We assign the first process (in potential region 1) to electrochemical reduction of nitrogen and the second process to the reduction of the electrolyte, more precisely to the reduction of the metal ions. By combination of steady state electrochemical measurements with in situ XPS monitoring we were able to determine the chemical shift of ions in the YSZ electrolyte and also the appearance of new species, i.e. nitrogen during electrochemical polarisation and to distinguish individual electrochemical processes and to assign to them a specific electrode reaction.
The initial pressure in the experimental chamber was 10
À8
Pa and introducing nitrogen up to the pressure of 10 À5 Pa (typical for our working conditions) we did not observe a N 1s peak without applied voltage, neither with fully oxidized material nor with electrochemically pre-reduced YSZ. So we conclude that neither adsorption nor chemical processes at the electrolyte surface, at the microelectrode or at the Ir/YSZ three phase boundary can be a reason for appearing of nitrogen signal.
Under cathodic polarization we first detect nitrogen signal at E = À1.5 V (Fig. 3) . The response of the XPS N 1s peak to the applied potential is reversible and time dependent. After time t 4 is exceeded the peak intensity remains constant. The reversibility of the process is demonstrated by switching the voltage off where the signal disappears completely within approximately the same time. The broad N 1s peak indicates more than one nitrogen component, which is confirmed by improving the statistics at higher potentials. We assume that the nitrogen species reduced at the electrode accumulate only in the first top monolayers but are not permanently incorporated in the YSZ single crystal for the time of our experiment. They easily desorb from the surface when the voltage is switched off. Despite the XPS results indicating that the reduction process begins at E = À1.5 V we strongly believe the process starts earlier, at a voltage of approximately À1.25 V. The reason for this conclusion is that XPS requires a local surface coverage of at least 0.2% in order to be able to detect a signal and obviously this coverage is achieved at E À 1.5 V but not at more positive potentials. However, based on nitrogen incorporation experiments at constant voltages (for a time of 30 min and 60 min) combined with ex situ SIMS analysis we found practically that the reduction/incorporation process starts even earlier at E = À1.25 V.
The identification of the three nitrogen species we detected (Table 1 ) under polarisation is difficult due to a broad range of possible assignments. The reference value for the N 1s binding energy of the N 3À state is suggested as 398.5 eV in ref. 35 for the standard compound boron nitride. As BN is a covalent rather than an ionic compound this value can only serve as a rough orientation. In XPS studies on nitrogen containing zirconia different binding energies for the N 1s peak have been reported, depending mainly on the stoichiometry of the compound. A summary of the suggested binding energies is given in Table 11 . In general, the increase of the valence state of N 3À towards less negative values (oxidation) is always related to an increasing binding energy. Considering the position of the N 1s peak of our samples we exclude the existence of molecular nitrogen, because according to the literature the N 1s signal of N 2 appears at a binding energy E b = 400.9 eV, 41 whereas the main N 1s signals we detected are found between 397 eV and 398 eV. The intensity of the nitrogen peak increases with the applied cathodic voltage and the signal becomes broader (see Fig. 4 ) revealing three components of the total XPS spectra. We assign the first peak at BE 1 = 397.2 eV to the N 3À ion and the other two components at binding energies BE 2 = 397.7 eV and BE 3 at 398.6 eV to (di)nitrogen ions in more positive oxidation states.
We conclude the nitrogen signal we recorded is due to negatively charged ionic species appearing as a result of electrode polarization and in this way we confirm the electrochemical reduction process by in situ XPS. Clearly, the higher cathodic potentials related to higher current densities lead to accumulation of nitrogen species and thus intermediates can be detected by XPS.
A decrease in the intensity, respectively of the concentration of different N 1s components was also seen as a function of the distance from the electrode/electrolyte interface. Moving away from the electrode we move away from the three phase boundary where the electrochemical reaction takes place. The reduced species diffuse along the electrolyte and correspondingly the concentration of nitrogen ions must be lower. We register a decrease of the intensity of all N 1s components with increasing distance from the electrode, where the main remaining N 1s peak is at 397.2 eV.
The theoretical calculations of N 1s binding energy we performed confirmed that in fact the shift of the oxidation state of nitrogen towards less negative values results in an increase of the binding energies. However if we simply assume a localized states, both PW1PW and CIS(D) methods predict large shifts of more than 10 eV for the N 1s peak upon reduction in the series N 2 -N Thus, the theoretically calculated binding energies of the Rydberg-type states support our experimental results, suggesting a reduction mechanism involving these three species. Although they are theoretically less justified the PW1PW results fit better to our experimental data than those obtained by CIS(D). The novel unexpected result of our model is the suggested delocalized electronic structure of the adsorbed reduced nitrogen species.
If one assumes the same reduction mechanism as described in ref. 21 with a rate limiting step, N 
Current-voltage measurements-cathodic reduction.
Concerning the rate limiting step of the reduction process, we estimate a Tafel slope for the cathodic reaction of b 1 = 260 mV (2.3RT/F = 150 mV) evaluated from the experimental current voltage curve in region 1. The value of the Tafel constant b 1 suggests a reduction process controlled by charge transfer with a transfer coefficient a = 0.55 assuming a single electron exchange step.
With diffusion limiting current of I d = 0.25 mA the diffusion coefficient of nitrogen has been estimated. According to eqn (5) the self diffusion coefficient for the nitride ions at T = 723 K is D N 3À = 2.6 Â 10 À13 m 2 s À1 calculated according to the equation:
where i d is the diffusion current density, z is the total number of exchanged electrons, F is the Faraday constant, D i the diffusion coefficient of the ions, c s and c 0 are the surface and volume concentrations of the nitride ions respectively and d is the thickness of the diffusion layer. The value for d was determined by the following procedure: We rapidly cooled the sample during cathodic polarization thus freezing the concentration profile. The surface and the volume concentrations have then been determined by SIMS analysis (depth profiles) using calibration standards with known nitrogen content prepared by ion implantation. The value for the diffusion layer thickness was d = 34 nm. The nitrogen concentration dropped in this layer from approximately 18 at.% at the surface to 4 at.% (corresponding to the concentration in depth beneath the electrode).
Current-voltage measurements-anodic oxidation.
The anodic process involving oxidation of nitrogen and/or oxide ions shows a typical passivation behaviour with a potential region of active oxidation, followed by a sharp View Article Online decrease of the current due to a blocking effect at the active electrode surface. The Tafel slope in the active oxidation region (overvoltages of up to Z = 0.6 V) is too high to be assigned to a charge transfer limited process-b 2 = 750 mV and we conclude that the rate of the electrochemical reaction is determined by diffusion. In our experiments we cannot distinguish between oxidation of nitrogen and oxide ions, but because of the more negative electrode potential of the N 3À /N 2 redox couple we expect that firstly the nitrogen ions will be oxidized. However, because of the lower mobility of N 3À in the volume of the crystal 13 and the much higher concentration of oxide ions the recorded currents are mainly due to the oxygen evolution reaction. We suggest that the passivation-like state at overvoltages above 0.6 V appears due to accumulation (adsorption) of product(s) of the reaction at the interface and not due to a formation of ion blocking IrO x and/or insulating layers from impurities e.g. SiO 2 , because we cannot detect a chemical shift in the Ir 4f peak and no new Si peak can be detected. The passive state of the electrode disappears reversibly after switching the voltage off.
Because of the diffusion control of the anodic process, followed by deactivation of the electrode complete analysis concerning the mechanism of the nitrogen reaction based on the current voltage characteristics as provided in ref.
21 cannot be performed. We found, however, that the electrochemical reduction of dinitrogen involves two intermediate species with the formal charge of the (di)nitrogen ion being more positive than N 3À and with the process being controlled by the electron charge transfer.
Oxygen 1s peak
The oxygen electrode reaction and the position of O 1s peak have been intensively studied on different oxide ion conducting solid electrolytes. However, because of the complexity of the electrochemical reaction different interpretation of the O 1s XPS peaks were suggested. Even for non-polarized ZrO 2 or YSZ samples the identification of the oxygen species is not unequivocally clarified. The reference binding energy of the O 1s peak in ZrO 2 is reported to be 531.3 eV, 35 where additional oxygen species were suggested after deconvolution of the spectra at 532.70 eV and 533.85 eV but no specific chemical state for these has been proposed. It should be noted that the values for O 1s peak binding energy in zirconia vary in the literature from 529.3 eV 44 up to 531.5 eV, 45 where no deviation of the signal out of the given range was detected in YSZ compared to pure ZrO 2 . We reported previously a chemical shift of 1 eV for the O 1s binding energy in ZrO 2 and YSZ. 19 In YSZ single crystals Hughes reports on three different oxygen species representing lattice oxide ions, oxide ions beside an oxygen vacancy(ies) and adsorbed oxygen ions and/or hydroxyl species 46 revealed after deconvolution of the O 1s signal. Ladas et al. 47 and Neophytides et al. 48 also report on three different oxygen species during anodic polarization using YSZ electrolyte.
In our experiments we detect also three oxygen species: the peak at BE 1 = 531.01 eV we assign to the lattice oxide ions. For the signal at binding energy BE 2 = 531.42 eV we suggest to represent oxide ions adjacent to oxygen vacancies and the signal at BE 3 = 532.59 eV may represent adsorbed oxygen, ionic oxygen species, 48 Table 5 ). It is known that due to higher internal energy of the surface atoms/ions their concentration can be vary compared to the ''bulk''-concentration. This is also valid for the contact surface between solid electrolyte and metal electrode, where defect concentrations may exceed few times the concentration in the volume. 49 Thus, the strongest signal we detect is, we believe, due to surface oxide ions from the regular sublattice but bound stronger compared to the ions in the volume of the crystal. Also the contribution of the species at BE 3 (adsorbed species) is significant. Applying voltage the concentration of adsorbed species is reduced (the contribution of BE 3 strongly decreases) and 90% of the O 1s peak is represented by BE 2 . Decreasing the voltage further due to the difficulties in the mass transport through the three phase boundary (nitrogen diffusion limited current was observed and the effective concentration of nitrogen ions at the tpb strongly increases) the contribution of BE 2 decreases and the intensity of the peak at BE 1 increases, whereas the contribution of BE 3 remains low and constant. However, the detected types of oxide species are not directly related to the presence of nitrogen (or nitrogen ions) as our experiments in oxygen containing atmosphere have shown.
Moving away from the electrode the O 1s peak position shifts towards higher binding energies (Fig. 7) and again the major contribution belongs to the oxygen species at BE 2 .
Electrochemical reduction of the YSZ electrolyte
The second electrochemical process distinguished in Fig. 2 (region 2) is due to the electrochemical reduction of the YSZ electrolyte. It is of importance to study this process in order to understand in more details the electrochemical behaviour of the whole system during the cathodic polarization. The reduction of YSZ occurs as a concurrent process of the nitrogen reduction and is undesired, as it increases the electronic partial conductivity of the electrolyte and thus decreases the contribution of the ionic part. As the oxide ion in the lattice cannot be further reduced the new electronic states are expected to locate either at Zr 5s/4d or Y 5s or 4d levels or alternatively at the levels provided by the oxygen vacancies forming F centers according to the electrode reactions: 
The incorporation of nitrogen ions also supports the increase of the number of electronic states providing energetically 54 provides an overview of structures and chemical compositions of zirconium sub-oxides of the type Zr x O with x = 1-8. However, these formal oxidation states are rather an indication for a different local coordination of the metal ion than refer to an actual charge transfer in the band structure. The exact identification of Zr 3d states in reduced zirconia cannot be done unambiguously as no reference standards are available, with the exception of the metal Zr and the completely oxidized zirconia (ZrO 2 ). Even here the reported values for the binding energies for ZrO 2 or YSZ vary by up to 1 eV. In general the binding energy can shift either due to a change of the Madelung potential or due to a charge transfer. As the Madelung potential is structure specific one can expect a shift in the binding energy due to structure transitions of ZrO 2 (monoclinic-tetragonal-cubic) induced by the dopant (i.e. Ca 2+ , Y 3+ etc.). In addition the created oxygen vacancies may change locally the coordination number of Zr 4+ ions, respectively the binding energy.
Zr
+ at BE 1 = 179.43 eV. Upon cathodic polarization no change in the shape or in the position in Zr 3d peaks was detected at voltages of down to À2 V. At and below E = À2 V the Zr 3d peak splits into four doublets indicating reduction of the Zr initial formal oxidation state (Fig. 9) . Based on the limited data in the existing literature we designate the peak Zr 3d 5/2 at BE 1 = 179.43 eV as Zr + ion corresponding to Zr x O with x Z 2. We can exclude Zr metal formation as the chemical shift between BE 4 and BE 1 is 3.9 eV, whereas the lowest shift between Zr 4+ and Zr 0 state reported in the literature is 4.2 eV. 52 In addition the binding energy of this peak is too high to be assigned to a metal state (typical E b = 178.7 eV). 35 As it can be seen from Table 7 the intensity of this peak increases with the applied voltage with a maximum at À2.5 V. 37 Thus we believe that the N 1s peak at BE 2 is due to the Zr-N bond. Moreover, in experiments at the same pressure and temperature but in oxygen atmosphere we cannot detect this peak. In experiments by Luerssen et al., mostly close to those in this work no Zr 3d peak at this binding energy was detected during electrochemical reduction of YSZ single crystal under high vacuum conditions. 50 Decreasing the voltage from À2 V, where the peak area represents almost 50% from the total sum of all Zr 3d peaks, to À3 V we found a slight decrease in the relative peak area which we relate to a saturation of the nitrogen incorporation because not all of the nitrogen species electrochemically reduced at the three phase boundary can diffuse into the YSZ single crystal. In Fig. 2 the diffusion limited current of the nitrogen reaction can be found at applied voltages between À1.7 V and À2 V. As the current is a measure for the reaction rate the diffusion current represents the maximum rate of nitrogen incorporation. At voltages below E = À2 V the charge transfer process for the nitrogen reaction is faster and the diffusion of N 3À ions into the bulk becomes rate limiting. Additionally the concurrent process of electrolyte reduction starts and the further increase of the current at higher voltages is not related with the nitrogen reaction. As steady state conditions are assumed the number of nitrogen ions diffusing into YSZ should be time independent and thus the Zr 3d peak accounting for Zr-N bond also should not increase further and its relative component area should decrease. 19, 53 As expected moving away from the electrode/electrolyte interface the intensity of the Zr 3d peak components accounting for reduced species decreases and the contribution of the oxide component (BE 4 = 183.33 eV) increases, and becomes dominant but never the only one as in non polarized material (see Fig. 10 ). 44 and the highest is 158.9 eV, 19 and it has been found that the binding energy maximum does not depend on yttria content. 19, 44, 57 To our knowledge literature on XPS studies of Y 3d peak in reduced YSZ does not exist. At E = À2 V and lower voltages a second doublet at BE 2 = 156.8 eV appears (Fig. 11) . Its intensity increases by increasing the applied voltage and at E = À3 V it is the dominating component. Two different suggestions for the origin of this peak can be found in the literature. De La Cruz observes binding energy for Y 3d 5/2 of 156.6 eV in YN 58 and Soto suggests the value of 156.2 eV. 40 However, exactly the same binding energy (BE = 156.6 eV) is reported from Majumdar for Y 3d 5/2 in YSZ. 44 Moreover in ref. 35 the deconvolution of Y 3d spectrum for Y 2 O 3 reveals beside the main Y 3d 5/2 peak at 158.4 eV suboxide components with much lower binding energies where the lowest one was found at 155.9 eV. Thus, it is clear that the shift of the Y 3d 5/2 peak we recorded at BE 2 = 156.8 eV accounts for increased electronic density at the yttrium ion. We can definitely exclude metal formation, but we polarized YSZ single crystal in nitrogen free atmosphere (i.e. in oxygen) with p = 10 À5 Pa and at applied voltages above À2 V we clearly detect the Y 3d component at 156.8 eV.
Thus, we conclude that BE 2 = 156.8 eV appears due to yttria reduction and not due to nitrogen incorporation. The intensity of the reduced component at BE 2 decreases with increasing distance from the m-electrode and at distance of 1500 mm the main component (over 96% from the Y 3d peak area) is the oxide component at BE 1 = 158.3 eV.
Electrochemical behaviour of Pt/YSZ/Ir(N 2 ) cell
After the discussion on the individual contributions of the two electrochemical processes the electrochemical behaviour of the View Article Online whole system will be considered. Without applied voltage neither chemical reaction nor adsorption of nitrogen was detected on YSZ and at the iridium microelectrode. The calculated nonmetal/metal ratio of 2.3 is slightly higher than the expected value of 2 mainly because of surface adsorbates (moisture, rest oxygen etc.). Upon cathodic polarization the ratio remains 2 down to E = À2 V, and we assume that no electrolyte reduction takes place. The decrease of the ratio to 1.5/1.7 at higher cathodic voltages is an indication for the initial state of reduction of the electrolyte. The subsequent impedance measurements we performed at 300 K and at 723 K show a completely insulating behaviour (at room temperature) and no increase of the total conductivity (723 K) which might be then attributed to enhanced electronic contribution.
The slight variation of the Y/Zr ratio we relate to adsorption processes and not to a real change in the surface concentration, because a diffusion of these cations at this temperature can be practically excluded and the vapor pressure of the metal components is negligible.
The N/O ratio at the electrode/electrolyte interface increases to a maximum value of 0.43 at E = À3 V corresponding to 18 at.% nitrogen in YSZ : N. The following SIMS analysis showed that in the volume of the YSZ single crystal (beneath the electrode) the nitrogen ion concentration was only 4 at.%. This results confirms the limitation in the diffusion of nitride ions from the electrode/electrolyte interface into the volume, recorded also in the current-voltage measurements.
A complete chemical picture was obtained by using the SPEM imaging function recording the N 1s, O 1s signal and as well for the contributions of reduced and oxidized Zr 3d at and around the electrode/electrolyte contact. The intensity of the XPS peaks is presented as a colour intensity. In Fig. 14 can be seen that the contribution of the reduced part of Zr 3d (this includes the signals at BE 1 and BE 2 ) is dominating close to the electrode and moving away from the electrode the oxidized part becomes more significant. The O 1s distribution does not indicate lower concentration i.e. significant reduction in the area around the iridium tip and nitrogen distribution is also homogeneous with decreasing intensity of N 1s signal increasing the distance to the electrode. Thus, we conclude that the incorporation of nitrogen ions is homogeneous and is not accompanied by significant electrolyte reduction.
The ex situ SIMS analysis shown in Fig. 13 confirmed the qualitative picture of nitrogen incorporation obtained by the XPS measurements. Nitrogen has been incorporated primarily under the electrode and the diffusion also occurred mainly under the electrode (Fig. 13 XZ and YZ images) where the electric field was the strongest. However, nitrogen ions diffused also laterally as the whole experiment took approximately 90 h.
Formal treatment of the electrochemical process of nitrogen reduction
Without applied voltage and constant temperature our system is at thermodynamic equilibrium and any flux of particles is assumed to be zero (j i = 0). The linear flux equation for transport in YSZ is given by:
), L ii the diagonal phenomenological transport coefficient of particle i, and c i and D i represent the molar concentration and the self diffusion coefficient of the species i, respectively. If and when the particle flux is zero then the electrochemical potential gradient is also zero, i.e. rm i = 0. As the concentration of oxide ions in YSZ is constant within a wide range of oxygen partial pressures there is no gradient in the chemical potential of O 2À ions (rm i = 0) and sincem i = m i + z i Ff the electrical potential gradient in the electrolyte is also zero (rf = 0).
At equilibrium the open circuit potential is defined by the difference in the electrochemical potentials of electrons at both electrodes:
ÀFE ¼m 00 e 0 Àm 0 e ð9Þ Substituting eqn (3) for the both sides the measured voltage can be expressed as:
As stated above the flux is zero and respectively the electrical potential gradient and chemical potential gradient of oxide ions within the electrolyte is zero and rm O 2À = 0. Thus, changing the oxygen activity we induce voltage or alternatively applying a voltage we change the a Þ, and taking into account that high current densities are applied to the microelectrode in a nitrogen gas with negligible oxygen content, then the microelectrode acts as an oxygenblocking electrode. In this case, according to eqn (10) at temperature of 450 1C a 100 mV increase of the applied voltage decreases the oxygen activity by more than two orders of magnitude. Once the cathodic polarisation voltage is large enough, the oxygen activity at the microelectrode is reduced to a sufficiently low value and molecular nitrogen is reduced at the electrode according to eqn (4). The cell voltage is then well described by a combination of the oxygen electrode at the counter electrode and the nitrogen half cell reaction at the microelectrode:
Combining the standard terms of the chemical potentials and accounting that in the electrolyte rf = 0 we obtain:
The schematic presentation of this process and qualitative evaluation of chemical/electrochemical potential change upon polarization is given in Fig. 15 .
The local potential variation shown in Fig. 15 does not represent the system at an equilibrium state but a temporally limited steady state is assumed. In parts (a) to (d) the very initial state is depicted. The process of electrochemical nitrogen reduction is fully controlled by the charge transfer. However, the diffusion of N 3À into YSZ at this temperature is kinetically hindered and therefore the concentration of the View Article Online incorporated nitrogen ions is negligible. Thus we assume a reversibility for the initial stage of the nitrogen reduction process, as also supported by XPS spectra at voltage of E = À1.5 V.
Comparing eqn (12) and reaction (1) one finds that the left side is the free formation enthalpy for reaction (1) . Taking into account that the nitrogen pressure in the chamber was 10 À5 Pa, respectively oxygen partial pressure is o10 À9 Pa (oxygen content in N 2 is below 50 ppm given by the producer) the nitrogen reduction process starts at approximately E = À1.25 V and thus the ratio between oxygen and nitrogen activities k = a N 2 /a O 2 required for reaction (1) to proceed to the right at temperature of 723 K is estimated to be k = 5.2 Â 10 46 . The oxygen activity achieved at the micro-electrode is calculated to be a O 2 = 1.4 Â 10 À49 , a value still approximately 20 orders of magnitude higher than the thermodynamic value for ZrO 2 decomposition; we can therefore exclude reduction of zirconia. The calculated a O 2 value is the lowest limit of the oxygen activity because the micro-electrode was not encapsulated and the applied voltage may not exactly correspond to the oxygen Phys. Chem. Chem. Phys., 2011, 13, 3394-3410 3409 activity calculated from eqn (10) . However, as shown below the process of electrolyte reduction starts at a voltage, respectively oxygen activity, deviating by a factor of only 4 from the thermodynamic value, thus we confirm that eqn (10) used to calculate the oxygen activity at the iridium micro-electrode provides the correct values. Further we estimate the reaction free enthalpy (reaction (1)) and the equilibrium constant of the process at T = 723 K, D r G = 723.6 kJ mol À1 and K a = 5.2 Â 10
À53
, respectively. Applying cathodic potentials lower than E = À2 V the process of electrolyte reduction begins. The local potential variation is presented in Fig. 15(e-h) . The nitrogen reduction reaction is limited by the rate of diffusion of nitrogen ions into the bulk (the diffusion limited current in Fig. 2) . The diffusion limited current can be caused either by a slow diffusion of the end reaction product (N 3À ) into the electrolyte volume or by a decrease of nitrogen partial pressure at the micro-electrode. The XPS spectra shown in Fig. 4 clearly demonstrates, that increasing the voltage the intensity of N 1s peak (nitrogen ion concentration) on the surface increases i.e. the limitation is caused by a slow diffusion into the bulk and not due to a decrease of nitrogen partial pressure. In order to electrochemically reduce the electrolyte oxygen activity must be reduced even further. At a cathodic potential of E = À2 V the oxygen activity we estimated is a O 2 = 1.7 Â 10 À70 . The theoretically calculated value for the decomposition of zirconia is a O 2 = 6.8 Â 10 À70 (data from) 59 which gives a small difference by a factor of 4 and agrees relatively well. Diffusion of electrons into the YSZ volume is assumed as limiting factor in the process of electrolyte reduction.
Conclusions
We demonstrate by in situ XPS measurements during cathodic polarization, that molecular nitrogen can be electrochemically activated at the (N 2 )Ir/YSZ three phase boundary. Nitrogen reduction is an electrochemical and not a chemical process starting at cathodic potentials still higher than these required for electrolyte reduction, i.e. nitrogen can be incorporated before the reduction of the electrolyte starts. Three different nitrogen species have been identified at the surface indicating a multi-step charge transfer process. Theoretical calculations support the reduction mechanism we suggest and indicate that the reduction of the nitrogen molecules proceeds through delocalized (Rydberg-type) electronic states.
At low overpotentials the charge transfer is rate limiting and at higher overvoltages it is the diffusion into the bulk. Nitrogen ions diffused into the YSZ single crystal both laterally and perpendicularly to the electrolyte surface.
By variation of the applied potential the Fermi level of the electrons shifts towards values sufficiently low to achieve the energy required for the nitrogen half cell reaction to proceed and therefore the free reaction enthalpy of oxygen substitution by nitrogen in YSZ was estimated.
We also demonstrate that Zr 4+ , Y 3+ and O 2À ions are influenced by the applied voltage. However, neither zirconium nor yttrium ions have been completely reduced to metals but both Zr 3d and Y 3d peaks show signals at lower binding energies corresponding to a partially reduced oxidation states.
